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ABSTRACT 
The effect of minor additions of CaO dopant to a 
manganese zinc ferrite - Zn Mn Fe 0 - on 
.25 .75 2.17 4.0 
its grain growth and densification kinetics in air at 
1250°C., 1300°C., and 1350°C. was studied. Grain growth 
was controlled over a range of dopant levels. At a 
sintering temperature of 1350°C. and time of six hours 
a ferrite with the smallest dopant addition was 
sintered to the highest density - 98% of theoretical. 
Under the same sintering conditions ferrites with 
higher dopant levels also sintered with normal growth 
but sintered to lower densities. 
Due to discontinuous grain growth the ferrite 
without dopant additions sintered (at 1350°C. for six 
hours) to densities less than 98% of theoretical. In 
vacuum or nitrogen-oxygen gas mixture (P 0 = 10- 3 atm.) 
2 
the sintered density was 95% of theoretical. In 
vacuum or nitrogen-oxygen gas mixture (P 0 10- 2 atm.) 
2 
the sintered density was 93.5% of theoretical. In air 
the sintered density was 90% of theoretical. 
Intermediate stage sintering and grain growth 
models were applied to the densification and grain 
growth data for the doped ferrite. It appears that 
the effect of the dopant is to reduce the diffusion 
coefficient of oxygen-reducing the densification rate 
ii 
and to control grain growth by decreasing the grain 
boundary mobility. 
Magnetic hysteresis loops were obtained for 
several doped ferrite toroids sintered to densities 
ranging from 91% of theoretical to 98% of theoretical. 
It was found that the maximum magnetic induction, Bmax' 
increased with increasing sintered density and 
increasing grain size and reached a maximum of 5400 
gauss at a sintered density of 98% of theoretical. It 
was found that the coercive force, H , decreased with 
c 
increasing sintered density and increasing grain size 
and reached a minimum of 0.3 oersteds at a sintered 
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I. INTRODUCTION 
The work described in this thesis was sponsored by 
Emerson Electric Company with the overall objective of 
characterizing a promising magnetic ceramic ferrite for 
use in a fractional ~orsepower a.c. electric motor. It 
was assumed that the ferrite with the maximum possible 
magnetic induction along with lower losses (magnetic 
hystersis losses and eddy current losses), characteristic 
of ceramic ferrites, would provide some advantages over 
the laminated steel presently used in the motors, if 
new motors were designed around the ceramic material. 
The main objective of the research in this thesis 
1 
was to study grain growth and densification of a manganese 
zinc ferrite - Zn Mn Fe 0 
• 2 5 • 7 5 2 • 1 7 4 • 0 
Sintering was 
done in vacuum, nitrogen-oxygen mixtures, and air to 
determine if grain growth could be controlled and high 
sintered density achieved in those atmospheres. Minor 
amounts of CaO dopant were added to determine if the 
dopant could effect grain growth control and permit 
sintering to high densities. It was a further objective 
of this research to determine the maximum magnetic 
induction (B ) and the coercive force (He) of the 
max 
sintered ferrite as a function of density and grain size. 
Zn Mn Fe 0 is a composition from the 
• 2 5 • 7 5 2 • 1 7 4 • 0 
general class of manganese zinc ferrites with the spinel 
2 
structure.1 It has been shown that the composition -
Zn Mn Fe 0 - will theoretically have the 
.25 .75 2.17 4.0 
largest magnetic induction (B ) of all the spinel 
max 
ferrites and can have low coercive force, high magnetic 
permeability, and high electrical resistivity as we11.2' 3 ' 4 
It is also known that these magnetic and electrical 
properties are very much influenced by the bulk density 
and the grain size of the sintered ferrite. Optimum 
magnetic properties for manganese zinc ferrites are 
expected to be achieved with high sintered densities 
and large (>20 microns) uniform grain sizes. 5 
There are two well known problems in sintering 
manganese zinc ferrites to high densities. Discontinuous 
grain growth may occur and has been reported to limit the 
ultimate sintered density to as little as 86% of 
theoretical density. Pore growth may occur and has been 
reported to limit the ultimate sintered density to as 
little as 92% of theoretical density. 
Discontinuous grain growth often occurs in the 
sintering of ceramic oxides. There are several possible 
causes for discontinuous grain growth. Small amounts of 
a liquid second oxide phase may cause the discontinuous 
grain growth.6 Particle size distribution has been 
reported to influence discontinuous grain growth _7 The 
effect of minor additives such as CaO dopant to 
manganese zinc ferrites has been reported to control 
grain growth and allow sintering to higher densities. 8 
In manganese zinc ferrites with excess Fe 0 
2 3 
(as in 
this study), the partial pressure of oxygen in the 
sintering atmosphere has been reported to measurably 
affect the ultimate sintered density.9 The ultimate 
sintered density obtained by sintering in low oxygen 
3 
partial pressures (P 02 ~ .2 atm.) is reported to be higher 
than that obtained by sintering in high oxygen partial 
pressures (P 02 ~ .2 atm.). Slow oxygen diffusion during 
sintering reportedly accounts for pore growth and the 
consequent low sintered density obtained in sintering 
a tmospheres with high partial pressures of oxygen. 
II. REVIEW OF LITERATURE 
A. Magnetic and Electrical Properties of Manganese 
Zinc Ferrites 
1. Chemistry 
Manganese zinc ferrites are a class of ferrimagnetic 
materials with spinel structure and h ave the general 
formula: 1 
where 0 < X < 1.0 
0 < y < 1.0 
X + Y 1.0 
0 < 0 < .24 
The oxygen atoms form a cubic close packed lattice in 
which there are tetrahedral sites and octahedral sites 
for cations - th e sites are surrounded by four and six 
oxygen atoms respectively. The zinc (Zn 2 +) ions occupy 
the tetrahedral sites. Manganese ions (Mn 2 +, Mn 3 +) may 
assume either octahedral or tetrahedral sites . The iron 
4 
ions (F e 2 +, Fe 3 +) can take octahedral or tetrahedr a l sites . 
According to the theory of Neel 2 the magnetization 
(Ms) of the ferrite under an applied magnetic field is the 
resultant of the magnet ization of the ions in octahedral 
sites against those in the tetrahedral sites . That is, 
the net magnetic moment of a manganese zinc ferr ite under 
a magnetic field is due to the difference between the net 
moments of the ions of the two sublattices - tetrahedral 
and octahedral. Gorter 3 has determined that manganese 
zinc ferrites have the largest saturation magnetization 
of all the spinel ferrites. Guillaud and Creveaux 4 
determined that within the manganese zinc ferrite system 
that the composition - X= .25, Y = .75 - shoul~ at room 
temperature,theoretically have the highest saturation 
magnetization- as high as 6000 gauss. Shichijo, 5 and 
Oguchi10 report that sintered ferrite compacts with 
composition - X= .25, Y = .75 - can have saturation 
induction (B ) as high as 5500 gauss. 
max The composition 
Zn Mn Fe 0 - should then have the 1 arges t 
.25 .75 2+0 4 
saturation magnetic induction of all the spinel ferrites. 
Low magnetic hysteresis losses require that the 
area of the dynamic hystersis loop be minimized. A 
dynamic hystersis loop is shown in Figure 1. In order 
to minimize the area of the loop, the coercive force (He) 
must be minimized and the initial magnetic permeability 
(~ . ) must be maximized. 
l 
It has been experimentally determined that for 
maximum initial magnetic permeability in manganese zinc 
ferrites an excess of Fe 0 is needed (o > 0). This 
2 3 
. d b 11 d s . . 12 effect has been expla1ne y Gorter an tUlJts. 
This excess Fe 0 dissolves into the spinel lattice as 
2 3 
Fe 0 giving rise to extra Fe 2 + 
3 '+ 
and Fe 3 + ions in the 
5 
6 




ferrite. The interaction of these two ions under an 
alternating magnetic field allows magnetic domains to 
rotate easier and results in much hi gher magnetic 
p e rmeabili tie s . The permeability is maximi zed at that 
value of o for which the magnetostriction (A ) lS zero. 
s 
An excess Fe 2 0 3 of o = 0.17 has been determined by 
experiment by Shichijo 5 to maximize the magnetic 
permeability of Zn Mn Fe 0 at frequencies 
.25 .75 2.17 4.0 
less than 1000 Hertz by reducing the magnetostriction 
to zero. 
Coercive force as a function o f composition h a s not 
7 
been thoroughly studied for manganese zinc ferrites but 
published values range from 0.2 oersteds to 1.0 oersteds. 13 
Low electrical (eddy current) losses are desirable. 
However, the effect of excess Fe 2 0 3 is to create higher 
electrical conductivity by creating extra Fe 2 + and Fe 3 + 
ions in the oct a hedr a l l a tt i ce. This h as b een expl a ine d by 
VanDe r Burg t. 14 El ectri cal c ondu c t i vity is e nh a nced 
because of an easy conduction path of ele c trons throug h 
2 + 3 + th e octahedral l a tt i ce by e lectron jumps f rom Fe to Fe 
i o n s . A mean s f or a voiding th is prob l e m a n d obt ain i n g h igh 
magnetic induction and h i gh ma gne t ic p ermeability i n the 
fe rrite i s to a d d a " res i s t i v e l aye r" be tw een the 
g r ai n s o f th e sinte r ed ferri t e as exp l ain e d by Akashi . 8 
Th is s o called r esistive layer can resu l t in a one 
thousand fold i ncre ase in the bulk electr i c a l 
resistivity of the ferrite over that of the "pure" 
ferrite - 1000 ohm-em compared to 1 ohm-em. The 
resistive layer is promoted by additions of CaO, Si0 2 , 
V2 0 5 , Ge0 2 or any combination of these. 
Generally the total weight fraction of the additions 
8 
1s less than 0.5 wt% of the ferrite. According to Akashi, 8 
in such small amounts, the additions have little adverse 
effect on magnetic permeability and no known adverse 
effect on magnetic induction or coercive force. The JJQ 
product which is a measure of electrical and magnetic 
losses (a high JJQ represents low losses) is reported to be 
maximized by Paulus and Vautier15 for Zn Mn Fe 
.40 .so 2-17 
0 with a dopant level of 0.1 mol% CaO. This effect 
4 • 0 
is not completely understood but thought to be related 
to the microstructure of the ferrite. 
2. Microstructure 
Chemical composition of the ferrite is not the only 
consideration in developing desired magnetic properties. 
It has been empiri cally shown by Guillaud16 that the 
magnetic permeability depends on grain size i n ma nganese 
zinc ferrites. It has be en shown that the magnetic perme-
ability maximizes if the grain size is greater than 20 
m1crons (assuming all pores are on the grain boundari es) . 
Guillaud16 and Paulus 17 reas on that the grain size must 
be much larger than the magnetic domain size (2 to 5 
microns) so that there will be minimum grain boundary 
interference with domain rotation under an alternating 
magnetic field. P . h " h . d 17 ores w1t 1n t e gra1ns reporte ly 
act in the same way as grain boundaries to reduce 
permeability. 
Magnetic induction as function of sintered density 
in manganese zinc ferri tes has not been published. But it 
can be expected that magnetic induction will increase 
with increase in sintered density as it does in nickel 
zinc ferrites as reported by Smit and Wijn. 18 
Coercive force as a function of grain size has not 
been reported for manganese zinc ferrites. But according 
to the theory of Baba, et a1, 19 it is believed that the 
pores and inclusions on the grain boundaries act to 
interfere with domain rotation increasing the coercive 
force. With larger grains the inclusions interfere less 
and the coercive force becomes smaller. The decrease in 
coercive force with increase in grain size is reported 
for MgMn ferrite and others by Johnson. 20 
9 
Thus, in order to achieve with Zn Mn Fe 0 
,25 .75 2·17 4·0 
the highest saturation induction along with low eddy 
current and magnetic hysteresis losses and low coercive 
force, it is necessary to sinter the ferrite to the 
highest possible density with grain size above 20 
microns and with a resistive layer on the grain boundary 
as well. 
B. Sintering of Manganese Zinc Ferrites with Excess 
1. Atmospheric Effects 
The densification mechanism during sintering for 
manganese zinc ferrites with excess Fe 2 0 3 is reportedly 
somewhat different than that for many ceramic oxides. 
R . . 9 h elJnen proposes t at during sintering in high oxygen 
partial pressures (~ 0.2 atmospheres) there are excess 
10 
cation vacancies (iron vacancies) that allow the iron ions 
to diffuse through the bulk by an electron-iron ion 
exchange process. He assumes that oxygen ions diffuse 
much slower through the bulk than do the cations and 
oxygen transport through the vapor phase is easier than 
diffusion through the bulk. According to Reijnen, this 
mechanism permits pore growth along with grain growth 
and necessarily gives rise to microstructures for most 
manganese zinc ferrites with excess Fe 2 0 3 in which the 
porosity is large (>6%) with pores on the grain boundaries. 
Reijnen concludes that only by sintering in low 
oxygen partial pressures will the ferrite densify 
further. He assumes that Schottky equilibrium exists 
between anion (oxygen) and cation (iron) vacancies: 
where 
K = C C D o 
K = equilibrium constant 
(1) 
C0 = concentration of cation vacancies 
C0 concentration of anion vacancies 
and that the following equilibrium holds: 
3+ 2- ~ 2+ 2 Fe + 314 v0 + 0 ~ 2 Fe + 112 0 2 
with the equilibrium constant 
substituting (1) into (3) we get 
( CF 2 +) 2 ( p ) 1 I 2 ( c ) 3 I 4 
e o 2 o 
2 3 I 4 (Cp 3+) (C 2- ) (K) e o 
Thus, as the partial pressure of oxygen is lowered the 
anion (oxygen) vacancy concentration increases and the 





diffusion is the rate controling species 1n densification. 
The optimum partial pressure of oxygen in which to 
sinter has only been determined by experiment for a given 
ferri te since the values of the cons tants K and K1 are 
unknown. 21 Paulus has investigated the sintering of 
Zn Mn Fe 0 over a range of oxygen partial 
.40 .so 2 .1 7 4.0 
press ures. He reports that at oxygen partial pressures 
o f 0.5 volume percent in nitroge n or less that sintered 
density approaches ~95% of theoretical compared to 90% 
12 
by sintering in air. Sh . h. . 2 2 1c lJO, et al report 
sintering Zn Mn Fe 0 to 99% of theoretical 
.so .so 2.04 4.0 
density by sintering in vacuum (10- 4 torr). The enhance-
ment of sintered density in vacuum can be due to low 
total gas pressure with both low oxygen partial pressure 
and low nitrogen partial pressure. Thus it is not known 
which reduction in gas pressure (nitrogen or oxygen) 
accounts for the high sintered density in vacuum. 
In other ceramic systems the "pore growth" has 
been attributed to low solubility of the pore gas in 
the bulk. For example, Coble 23 found that by sintering 
alumina in hydrogen or oxygen that the material could be 
sintered to theoretical density. However, densification 
was impeded by sintering in air, nitrogen, helium, and 
argon. The effect is the same as with "pore growth" -
there is a residual porosity on the grain boundaries. 
The effect of gases other than oxygen, such as 
nitrog~n, on the sintering of manganese zinc ferrites is 
not known but may influence sintering. Thus in this study 
it was decided to study sintering in nitrogen (PN ~ 1 
2 
atm.) with two different oxygen levels - P0 = 10- 3 atm. 
2 
and P 0 10- 2 atm. - and also to study sintering 
2 
same oxygen partial pressures (P 0 = 10- 3 atm. 
2 
10- 2 atm.) but much lower nitrogen pressures (PN 
2 
in 
4 x 10- 3 atm. = 4 x 10- 2 atm.). It was decided 
also to sinter in air 1n which the oxygen partial 
pressure (P 0 .2 atm.) and the nitrogen partial 
2 
pressure (PN .8 atm.) are high. 
2 
2. Effect of Minor Additives 
The addition of a solute to an oxide can cause one 
or more of four results as indicated by Jorgensen: 24 
(1) modify the defect structure of the solvent, 
(2) form a liquid phase, (3) segregate at grain 
boundaries reducing boundary mobility, or (4) form a 
solid second phase which pins boundaries. The solid 
state diffusion coefficients of the rate controlling 
species in sintering may be changed by an additive that 
13 
modifies the defect structure which may increase or 
decrease the sintering rate. A liquid phase may increase 
diffusion coefficients and enhance the sintering rate; 
or it may cause discontinuous grain growth and diminish 
the densification rate. A solute may reduce the grain 
growth rate and thereby maintain small grains during 
sintering. This can minimize the vacancy diffusion 
distance between the pores and grain boundaries, which 
are sinks for the vacancies, and thereby enhance the 
sintering rate. 
Even though the sintered density for manganese zinc 
ferrite with excess Fe 2 0 3 is reported to be increased 
by sintering in low oxygen partial pressures, most 
extensive sintering studies indicate that the ultimate 
14 
sintered density is no more than ~95% of theoretical 
density. Only in one case has sintered density been 
reported to approach theoretical density by sintering 
in air. 25 In this case Ross, et al report that the 
main reason very high density (99.5% of theoretical 
density) was achieved was that very pure (total impurity 
level less than 100 ppm) raw materials were used. With 
the pure materials, supposedly normal grain growth 
occurred and high sintered density was achieved. However 
the bulk resistivity of that ferrite - Zn Mn Fe 
.46 .54 2.10 
0 -is low (less than 1 ohm-em), giving rise to high 4 • 0 
eddy current losses which in this study are not desired. 
Most sintering studies describe the sintered 
manganese zinc ferrites as having a "duplex" structure 
in which there are two different grain size distribu-
tions.21,26,27 One distribution has an average grain 
size of ~s microns and the other distribution has an 
average grain size of ~so microns. The large grains 
have pores within them and the remaining pores are on 
the grain boundaries of the smaller grains, which is a 
result of discontinuous grain growth. Such a micro-
structure is undesirable for optimum magnetic properties 
for the reasons given before in this thesis, in Section 
I I. B. 
The main reason for the discontinuous grain growth in 
27 
manganese zinc ferrites has been suggested by Paulus to 
be a reduction of the surface energy of the grain 
boundary by a small amount of liquid phase at the grain 
boundary. The grain boundary can then engulf a pore 
before the pore gas can diffuse away. Paulus reports 
that as little as SO ppm of Si0 2 can cause discontinuous 
grain growth by this mechanism in Zn Mn Fe 0 
15 
.40 .60 2.10 4.0 
resulting in a sintered density of ~95% of theoretical 
density. However, discontinuous grain growth has been 
reported by Akashi 2 8 for Zn Mn Fe 0 in which 
.21 .68 2·11 4·0 
the total impurity level is less than 100 ppm and the 
Si0 2 level is less than 10 ppm, resulting in a limiting 
sintered density of ~95% of theoretical density. 
. 26 29 Yamaguch1, Chol, et al, attribute the discontinuous 
grain growth in very pure (less than 100 ppm impurity) 
manganese zinc ferrites to a particular distribution of 
particle sizes in the initial powder compact rather than 
impurity level in contrast to the mechanism proposed by 
Paulus. 27 
The phenomenon of discontinuous grain growth in 
manganese zinc ferrites has been reported to be influenced 
by the addition of dopants in minor amounts. The effect 
of the addition of CaO, SrO, V2 0 5 , Na 2 0, Al 2 0 3 , Li 2 0 and 
GeO on the sintering of manganese zinc ferrites has been 
2 
studied. 28 These dopants all are reported to have some 
effect in retarding discontinuous grain growth during 
., 
sintering. The mechanism of grain growth control of 
these materials is not clear from the literature. 
CaO has been widely studied as a dopant added in 
small amounts to manganese zinc ferrites in order to 
prevent or suppress discontinuous grain growth. 28 , 31 
It has been used to sinter impure (>1000 ppm) ferrites 
to higher densities than possible without the dopant. 
Dopant levels reported to be sufficient to control 
28 grain growth are in the range 0.02 wt% to 1.0 wt%. 
From these observations it is apparent that there 
are important effects of sintering atmosphere and 
impurity level on the sintering of manganese zinc 
ferrites and on the achievement of desired magnetic 
and electrical properties by microstructure control. 
The control of microstructure is expected to be achieved 
by either sintering atmosphere and/or by the addition 
of minor amounts of solute (dopant). The effects of 
CaO dopant and oxygen partial pressure in the sintering 
atmosphere on grain growth and densification were chosen 
f or study in this thesis. 
C. Grain Growth Model 
h . h d" 16,20 It has been empirically s own ln ot er stu les 
that magnetic permeability and coercive force are 
functions of grain size in sintered manganese zinc 
ferrites. 
16 
In this study in order to optimize the coercive 
force and magnetic permeability for Zn Mn Fe 
.25 .75 2.17 
0 it is necessary to study grain growth during 
4 • 0 
sintering of that ferrite. In order to achieve the 
desired pore free grain size (>20 micron) it was 
necessary to control grain growth throughout the 
sintering process as grains grow from their initial 
particle size of less than 1.0 micron to their final 
size. 
The grain boundary velocity is given by an 
expression of the type: 32 
V = M P 
where M = boundary mobility 
P = driving force for boundary movement 
17 
(5) 
The driving force for boundary movement and grain growth 
is the reduction of the total grain boundary energy 
(yGB · AGB) by the reduction in grain boundary area 
as the grains grow. yGB is the surface energy of the 
grain boundaries. 
where 
Grain boundary mobility (M) can b e expressed as 
M M0 exp ( -QB / RT) 
M0 = a constant 
QB = activation energy f or grain 
boundary self diffusion 
( 6) 
T absolute temperature (°K) 
R = gas constant 
For normal grain growth, the velocity of the grain 
boundary (V) can be expressed as 
v = 
dD A H YGB 
= 
dt Dn-l 
where D average grain size 
A = geometric constant 
upon integrating we get 
A M0 y exp ( -QB / RT) (t - t ) 0 
The constant n is usually equal to 2 for pure materials 
but can be considerably larger for impure materials. 32 




grain size D is large (~20 microns) compared to the 
initial grain size - D (<1.0 micron) then Dn - Dn ~ Dn. 
0 0 
Initial time (t ) can be taken as zero. 
0 
So we get 
(9) 
Taking the logarithm of both sides of Equation (9) we get 
If we experimentally determine the time required to 
sinter to grain size D and assume A, M , and y are 
0 
constant we obtain 
19 
c constant = -QB 1 RT + loge t . (11) 
Since log (lit) = -log (t) we get 
e e 
C + loge (lit) = -QB 1 RT (12) 
By plotting log 10 (llt) versus liT we obtain a linear 
relation between log 10 (llt) and liT the slope of which is 
equal to QB 1 2. 3R. Thus, 
QB = R x slope x 2.3 (13) 
Under different sintering conditions (atmosphere, 
dopant) the value of QB obtained can be an indicator of 
the effect of the sintering condition on the grain growth 
mechanism. 
D. Intermediate Stage Sintering Model 
The magnetic properties of interest in this study, 
Bmax and He' are expected to be optimized in the latter 
stages of sintering in which the grain size becomes 
large ( >20 micron) and the porosity small (<2%). The 
densification and grain growth behavior in the range 70% 
of theoretical density (TD) to 95% of TD is critical 
since it is in this range that the discontinuous grain 
growth is expected to be nucleated which can cause the 
sintered dens i ty to be as low as 86% of TD and the 
magnetic properties - Bmax' He - to be less than the 
optimum expected for the ferrite. 28 Also the mechanism 
of pore growth may operate in this densification 
range and result in low sintered density (~92% of TD) 
and consequently result in low B and high H . 
max c 
Thus, in order to develop the optimum magnetic 
properties of the ferrite it is necessary to study 
densification and grain growth behavior in the 
intermediate stage of sintering. 
The intermediate stage of sintering includes 
the density range from the point at which grains 
begin to grow to the point at which continuous poro-
sity in sintered compact is closed off into isolated 
33 pores. The intermediate stage of sintering for 
Zn. 25 Mn Fe 0 is considered to extend from 
• 7 5 2 • 1 7 4 • 0 
about 70% of TD to 95% of TD. 
Densification occurs in ionic solids like 
Zn Mn Fe 0 by diffusion of vacancies 
• 2 5 • 7 5 2 • 1 7 4 • 0 
from the vacancy source - pores - through the grain 
boundaries to the outside of the sintering powder 
33 compact. With the vacancy diffusion there is a 
counter diffusion of ions to the pore. The result 
is an increase in the bulk density of the material. 
There a re several different ionic diffusion mechanisms 
(see Figure 2) that can cause the ferrite to densify: 
grain boundary diffusion (A), surface diffusion (B), 
a nd bulk diffusion (C). 
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In general any one of the ions can be slowest diffusing 
and therefore can be rate controlling. 
It has been shown in other studies by Ogawa and 
Nakagawa 34 with radioactive tracer techniques in 
single crystal and polycrystalline Zn Mn Fe 
.s .s 2.10 
0 that the bulk diffusion and grain boundary 
4 • 0 
diffusion coefficients for Zn, Mn, and Fe are much 
larger than that of oxygen. 35 According to Wagner 
and Reijnen 9 the bulk diffusion coefficient of 
oxygen should be the smallest diffusion coefficient 
in all ferrites with the spinel structure. Thus in 
this study it was assumed that oxygen bulk diffusion 
controls the densification rate. 
Coble and Gupta36 have derived a semiquantitative 
sintering model which relates porosity to grain size 
and sintering time and temperature during the 
intermediate stage of sintering. If bulk diffusion 
is assumed to be rate controlling, the form of the 
model is: 
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f(P) ( 14) 
where f(P) = a function of porosity 
~ vacancy volume 
Y = surface free energy 
G = instantaneous grain size 
k Boltzmann's constant 
t = time 





= volume self diffusion coefficient 
-1.19 X 10 3 D y~t 2 
= v ] 
k T G3 1 
P = porosity = l.O _ sintered density 
theoretical density 
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The Coble-Gupta model has been applied with apparent 
s uccess to sintering data f or MgAl 0 , 37 ZnO 38 and Mgo. 39 
2 '+ 
There has been good correlation reported between the 
calculated di ffusion coefficients f rom sintering data and 
the directly measured diffusion coefficients for those 
oxide systems. 
The diffusion coefficients obtained by applyin g th e 
sintering model to densification and grain g rowth data 
can be an indicat o r o f the effect o f sin tering c ondit ions 
(atmosphere, dopant) on the densi fica tion mecha nism. 
I I I. EXPERIMENTAL PROCEDURE 
A. Materials 
All the ferrites 1n this study were prepared by 
reacting ZnO, Mn 3 0 4 , and aFe 2 0 3 * to form Zn Mn 
• 2 5 7 5 
Fe 0 This reaction is very well described 
2.17 4.0 
in the literature by Cho1, 30 Enz, 40 and Yamaguchi. 26 
The following raw material recommendations are made 
in the literature and by the ferrite industry: 
(1) . 1 . h b . . 1 . 26 41 raw mater1a s w1t a su m1cron part1c e s1ze, ' 
(2) Mn 3 0 4 as the most reactive manganese oxide, 30 and 
(3) aFe 2 0 3 powder with a non-acicular particle shape 
h · · . d 4° F h. d h as t e most react1ve 1ron ox1 e. or t 1s stu y t e 
aFe 2 0 3 used had a small amount of Si0 2 (~200 ppm by 
weight). It was chosen in order to study a realistic 
ferrite for competitive production of electric motors. 
The Si0 2 also reportedly reduces eddy current losses 
in the sintered ferrite. 28 Fisher Chemical's reagent 
grade CaC0 3 was used as a dopant. 
* See Appendix A f or chemical analysis. 
24 
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B. Fabrication of Samples 
The raw materials were mixed in the following ratios 
1n moles: 52 Fe 0 : 
2 3 
12 ZnO: 12 Mn 0 in a high speed 
3 4 
blender for 10 minutes in 1000 gram batches with 2000 cm 3 
of de-ionized water and with the proper amount of CaCO 
3 
as dopant. The slurry was dried for 24 hours at 200°F. 
The dried mixture was pulverized by forcing it through 
a 100 mesh sieve with a rubber spatula. The powder was 
loaded into alumina crucibles and heated to 1050°C. at 
~zoooc. per hour and then calcined at 1050°C. for eight 
hours in an electric furnace. The material was then 
quenched to room temperature in air. The calcined 
material was then analyzed by x-ray diffraction (Cu Ka), 
and found to be all spinel with no other reaction products. 
This material was then pulverized by pressing it 
through a 100 mesh sieve with a rubber spatula. This 
powder was mixed with 2000 cm 3 of de-ionized water and 
1.25 wt% polyvinyl alcohol as binders and then ball-milled 
for 24 hours with 30 lb of 1/2" diameter steel balls in a 
one gallon rubber lined ball mill. The slurry was then 
dried at 200°F. for 24 hours. The material was then 
pulverized by pressing it through a 100 mesh sieve with 
a rubber spatula. The powder particle size was deter-
mined to be less than 1/2 micron by electron microscopy. 
The mixture was then mixed with 1/4 wt% zinc stearate 
26 
(die lubricant) in a quart polyethylene bottle by shaking 
the bottle for five minutes. 
The powder was pressed into toroids (1.5" OD, 1.0" 
ID, 0.35" thick) at 5000 psi in a double acting toroid 
die. These toroids were then sealed in rubber tubes 
and pressed at 30,000 psi in an isostatic press. The 
toroids were weighed. The weight of the binder and 
lubricant was subtracted from this weight to get an 
adjusted weight. The toroid's volume was determined by 
measuring its thickness outer diameter, and its inner 
diameter. The green density of the toroid was its 
adjusted weight divided by its volume. The green 
densities of the toroids were 2.65 gm/cc ± 0.20 gm/cc. 
Taking 5.08 gm/cc as the theoretical density of the 
ferrite, 47 the green density of the toroids was 52% of 
theoretical density. 
The toroids were baked at 200°C. for four hours in 
an electric furnace in air to drive off the binder. 
They were then heated to 600°C. in two hours and then 
presintered at 600°C. for 1 hour in an electric furnace 
in air in order to strengthen them. The toroids were 
then quenched to room temperature in air and those that 
were cracked or warped were discarded. 
C. Firing 
Sintering trials were done in a mullite muffle tube 
heated by a Lindbergh Hevi-Duty globar furnace (Type 
54238, Serial Number 103727) controlled to ±5°C. by a 
West Instrument Controller (Serial Number 69070688) 
and calibrated with a chromel-alumel thermocouple. 
Samples were sintered on alumina trays on an alumina 
"D" tube inside the mullite tube. 
In order to allow for unknown heat-up times of 
the samples in the various sintering trials, a number 
of indentical toroid pieces were sintered at the same 
time. At each chosen sintering time a toroid piece 
was quenched to the cold end of the muffle tube. 
Sintering time was taken from the time that the samples 
were placed in the hot zone of the furnace to the time 
at which they were extracted from the hot zone. The 
sintered pieces were extracted by a Mo wire. For each 
sintering condition, a sintered toroid piece was 
broken into two or more pieces - one piece to be used 
for microstructure examination and one piece to be 
used for bulk density measurement. 
Toroids for the magnetic measurements were loaded 
onto alumina trays and moved slowl y (1 minute) into 
the hot zone of the furnace and sintered in air for 
a certain time. Then the toroids were moved slowly from 
2 7 
the hot zone and quenched to room temperature in air. The 
sintered density of the toroid was determined by measur-
ing the mass and volume of the toroid. Grain size of 
the toroid was determined from a piece of an identical 
toroid sintered along with the toroid used for the 
magnetic measurement. 
D. Atmosphere Sintering 
Some undoped samples were sintered in nitrogen 
(Po 10- 2 atm. and Po 10- 3 atm.) and vacuum 2 2 
(Po = 10- 2 atm. and Po = 10- 3 atm.) but most 
2 2 
samples were sintered in a1r. 
For sintering in vacuum or in the nitrogen-oxygen 
gas mixture the muffle tube was sealed at one end with 
a steel plate with a neoprene gasket. That e nd of the 
muffle tube was water cooled. The other end of the 
muffle tube was connected to a gas tank by a rubber 
hose. A copper tube extended from the sealing plate 
to exhaust gas from the muffle tube. One hole was 
made in the sealing plate for a chromel-alumel thermo-
couple which was positioned in the center o f the hot 
zone. Another hol e was made in the sealing plate for 
the Mo wire used to extract the samples from the hot 
zone. Both holes were sealed with silicone 0-rings. 
The gas mixture (99.9 % pure research grade from 
Matheson Gas Products) was introduced from a tank at 
th e other end o f the mullite tube. The mullite tube 
was purged 5 minutes before sinterin g. The g as was 
exhauste d through the sealing plate to a f lowmet e r and 
then bubbled through water in an Erlenmeyer flask . The 
28 
Mo wire was used to push an alumina plate containing 
the toroid pieces into the hot zone and used to extract 
the sintered piece to the cold end after sintering. The 
gas flow rate was 4 to 5 cc/sec during the sintering 
trials. 
For the vacuum trials the same arrangement was 
used except that the gas was not turned on and a 
mechanical vacuum pump was used to exhaust the furnace 
gases. A mercury manometer gauge was used to measure 
the gas pressure in the gas line on the end of the muffle 
tube opposite the sealing plate. A schematic diagram of 
the furnace arrangement is given in Figure 3. 
Undoped and doped samples were sintered in air 
in the same furnace arrangement except that system 
was open to atmosphere. 
Samples were sintered at temperatures ranging from 
1200°C. to 1350°C. for times ranging from 10 minutes to 
24 hours. The sintered density of the samples was 
measured and its microstructure examined. 
E . Grain Size Measurement 
The sintered samples were mounted in Quickmount 
(Fisher Scientific Co.) epoxy. The mounted specimen 
was rough polished with 240, 320, 400, and 600 grit 
SiC paper. The final polish was done with 1 micron and 
0.05 micron Linde aluminum oxide on a rotating wheel 
covered with billiard table cloth. 
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0 0 TO VACUUM GAUGE 
MULLITE MUFFLE TUBE 
The polished samples were etched with a 50/50 
solution of lN oxalic acid and concentrated sulfuric 
acid at 80°C. to 90°C. for about 2 minutes. 
The grain sizes were obtained by measuring the 
number of intersections of grain boundaries of a 
polished and etched microstructure by a calibrated 
straight line in the eyepiece of a Bausch&Lomb 
reflection microscope. The straight line was calibrated 
with a Bausch&Lomb stage micrometer. On every micro-
structure the number of grain boundaries intersected by 
at least fifty random straight lines were counted. The 
average grain size was equal to, according to the method 
of Fullman, 42 1.5 times the total length of lines in 
microns divided by the total number of grain boundaries 
intersected by those lines. 
F. Measurement of Bulk Density 
The bulk density of the sintered specimens was 
measured at room temperature by the immersion method in 
toluene, where 
B.D. 
Ms x Ptol 
M - M 
sat susp 
B.D. = bulk density in gm/cc 
M = sample mass 
s 
Ptol = density of toluene 






mass of sample saturated with toluene 
mass of sample suspended in toluene 
The precision of this technique is 0.022 gm/cc. 
G. Magnetic Measurements 
Maximum magnetic induction (B ) and coercive 
max 
force (He) were obtained from dynamic hysteresis loops. 
The hysteresis loops were obtained from sintered ferrite 
toroids. The toroids were evenly wound with about 600 
turns of 38 gauge copper wire for the primary circuit 
and 600 turns of wire for the secondary circuit. The 
toroids were then inserted into the test circuit shown 
in Figure 4. The excitation and test circuit was used 
to display the dynamic hysteresis loop upon the screen 
of the oscilloscope. The instantaneous voltage drop 
32 
across the capacitor is proportional to the instantaneous 
magnetic flux density (B) in the toroid and the instanta-
neous voltage across the resistor R is proportional to p 
Under an the instantaneous applied magnetic field (H). 
alternating current, the voltages across C and Rp when 
applied to the vertical and horizontal inputs of the 
oscilloscope, trace a B-H curve as in Figure 1. 
Maximum magnetic induction (Bmax) and coercive 
force (H ) can be obtained from these equations which 
c 
d . d b s h 43 are er1ve y oo oo: 
Figure 4. Block diagram of circuit used to obtain 

















B x 10 8 gauss ( 15) 
H = ER 
Np 
X 0.4n oersted ( 16) R 1 p m 
where B magnetic induction, gauss 
H magnetic field intensity, oersteds 
E voltage across capacitor c applied to c 
vertical deflecting plate of 
oscilloscope, volts 
ER = voltage across the resistor R in the p 
primary circuit applied to horizontal 
deflecting plate of oscilloscope, volts 
c = capacitance, farads 
1 = m the mean length of magnetic path, em 





resistance in secondary and primary 
windings respectively, ohms 
number of turns on secondary and 
primary windings respectively. 
The frequency f, capacitance C, and resistanc e R 
s 
of the secondary circuit were chosen such that th e total 
impedance (lt) was approximately equal toRs. The total 
impedance (lt) is given by: 
where zt = total impedance in secondary circuit, 
ohms 
R = resistance 1n secondary circuit, ohms s 
R = resistance of winding in secondary w 
circuit, ohms 
X 1/ZwfC = capacitive reactance, ohms c 
Rw was small c~z ohms) and X was made so that 
c 
Rs >>Xc[(Rs/Xc)>ZS0/1 ], so that Zt ~ Rs. 
Thus, the frequency did not affect the flux density 
and loading effects on the secondary coil were avoided. 
The values for B and H were obtained from Polaroid 
pictures taken of the hystersis loop displayed on the 
oscilloscope. Errors of measurement of B and H were max c 
less than 2%. 
All the hystersis loops were obtained with the same 
oscilloscope (Tektronix Model Number 535A), and audio 
oscillator (Hewlett/Packard Model Number ZOOC). The 
values of C(=l.4~f), R (=38,000 ohms) and R (=112 ohms) 
s p 
were adjusted so that all the toroids could be driven to 
saturation under the same circuit so as to minimize 
errors in measurement. 
35 
Dynamic hysteresis loops were obtained at a frequency 
of 60 cps for twenty toroids sintered to densities ranging 
from 91% of theoretical density to 98% of theoretical 
density. Bmax and He were obtained for each of these 
toroids. Each toroid had a dopant level of .05 wt% CaO. 
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IV. RESULTS AND DISCUSSION 
A. Sintering of Undoped Samples 
1. Densification 
The densification results for the undoped samples 
sintered in air, vacuum (P = 
02 
10- 3 atm. , P 
02 
10- 2 atm.), 
and nitrogen (P = 10- 3 atm., P0 0 2 2 = 10-
2 atm.) at 1300°C. 
and 1350°C. are shown in Figures 5 and 6. 
The average densification rate can be defined as 
inversely proportional to the time required to sinter to 
a given density at a given temperature. It 1s evident 
that the densification rate is enhanced by sintering in 
nitrogen or vacuum over that of sintering in air. With 
the same partial pressure of oxygen the sintering rate 
in vacuum is seen to be nearly the same as that in 
nitrogen. This implies that nitrogen gas in the sintering 
atmosphere had little effect on sintering. The densifi-
cation rate in vacuum (P = 10- 3 atm.) or nitrogen 
02 
(P 0 10- 3 atm.) is only slightly higher than that 
2 
obtained by sintering in vacuum (P = 10- 2 atm.) or 
02 
nitrogen (P = 10- 2 atm.) even though the oxygen partial 
02 
pressure in the former case is one tenth that in the 
latter case. This implies that the densification rate 
for this ferrite is rather insensitive to oxygen partial 
- 2 pressures below 10 atm. This may be due to discontinuous 
grain growth, in which case the porosity is intragranular 
and cannot be removed by sintering. 
Figure 5. The sintered density vs. log time f or 
undoped ferrites sintered in vacuum, 
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Figure 6. The sintered density vs. log time for 
undoped ferrites sintered in vacuum, 
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Figure 6 
The enhancement of densification by sintering in 
low oxygen partial pressures - vacuum or nitrogen -
compared to that in air, can be qualitatively explained 
in terms of the effect of oxygen partial pressure 
the concentration of anion (oxygen) vacancies in 
on 
manganese zinc ferrites with excess Fe 2 0 3 , according to 
the relation: 
derived 1n Section II. B. The reduction of oxygen 
partial pressure could increase the concentration of 
oxygen vacancies and thereby increase the densification 
39 
(4) 
rate if oxygen diffusion is assumed to be rate controlling 
in densification. 
2. Grain Growth 
The grain growth results for thos e undoped samples 
sintered in air, nitrogen and vacuum (P0 = 10- 3 and 
2 
10- 2 atm.) are shown in Figures 7 and 8. 
Examination o f the microstructures of the ferrite 
sintered at 1350°C. for three hours shows that for those 
sintered in air (P 0 = .2 atm.) there is intragranular 
2 
porosity and intergranular porosity. In the samples 
sintered in vacuum or nitrogen (P0 = 10 - 3 atm . ) the re 
2 
is only intragranular porosity. The fac t that the 
ferri tes have intragranular porosity means that they 
Figure . 7. The log average grain size vs. log time 
for undoped ferrite sintered in vacuum, 
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Figure 8. The log average grain size vs. log time 
for undoped ferrite sintered in vacuum, 
nitrogen, and air at 1350°(. 
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experienced discontinuous gr~in growth at an earlier stage 
of sintering. The fact that only those samples sintered 
in air have pores on the grain boundaries implies that the 
pore gas diffusivity is higher for samples sintered in 
nitrogen or vacuum than in air. Since only oxygen 
partial pressure is reduced in the nitrogen atmospheres 
compared to air, it can be assumed that the diffusivity 
of oxygen determines the rate of pore removal in the 
grain boundaries. Figures 9 and 10 show microstructures 
of samples sintered at 1350°C. for three hours in nitrogen 
(P 0 = 10- 3 atm.) and air, respectively. 
2 
It can be seen in the grain size vs. time plot in 
Figure 7, that at 1300°C. the undoped samples sintered 
with discontinuous grain growth. The log average grain 
size vs. log time plot is curvilinear rather than linear 
as expected for normal grain growth. A typical micro-
structure (see Figuie 11) depicting the discontinuous grain 
growth, contains two distributions of grain sizes - large 
grains in a matrix of small grains. With such a micro-
structure the average grain size loses its meaning and the 
kinetics of grain growth cannot be quantitatively analyzed. 
It can be seen in the grain size vs. time plot in Fig-
ure 8, that at 1350°C., for sintering times longer than one 
hour, the grain growth in the sintered ferrite is normal, 
that is, there isa narrow single distribution of grain sizes. 
By a least squares fit of the log average grain size vs. 
Figure 9. Photomicrograph of undoped ferrite 
sintered in nitrogen (P 0 = 10 - 3 atm.) 
2 




Figure 10. Photomicrograph of undoped ferrite 
sintered in air at 1350°C. for 




Figure 11. Photomicrograph of undoped ferrite 
sintered in nitrogen (P 0 = 10- 3 atm.) 
2 





log time data a ~ t' 5 dependence of grain size on time is 
obtained for sintering in vacuum (P 0 = 10- 3 atm.) or 
2 
nitrogen (P 02 = 10- 3 atm.) and a~ t' 5 dependence on time 
is obtained in vacuum (P 0 
2 
= 10- 2 atm.) or nitrogen (P 
10- 2 atm.) and a~ t' 3 dependence is obtained in air. 
This data suggests that oxygen diffusion determines 
intergranular pore size which in turn controls grain 
growth. Grain growth rate is reduced with increasing 
0 
2 
oxygen partial pressure which increases the intergranular 
porosity. Average grain growth rate at a given temperature 
is proportional to grain size achieved after a given 
sintering time. The enhancement of grain growth rate 1n 
those samples sintered in low oxygen partial pressures 
compared to those sintered in air is probably due to lack 
of pore inhibition of grain growth with the former. It is 
expected that the driving force for grain growth will be 
decreased by a quantity proportional to (1/r + f/r 0 ) 44 
where r is the radius of the grain, f is the volume 
fraction of the pore, and r 0 is the radius of the pore. 
Due to the discontinuous grain growth which limited 
sintered density to no more than 95% of theoretical, 
sintering in low oxygen atmospheres was abandoned. 
The effect of CaO dopant on grain growth and densification 
in air was studied. The CaO was expected to reduce the 
grain growth rate and provide grain growth control 
allowing sintering to higher densities. 
B. Sintering of Doped Samples 
1. Densification 
The densification results for the doped samples 
sintered in air are given in Figures 12, 13, and 14. 
Density is plotted against log time. There is no 
theoretical justification for this but densification 
data for other ceramic systems has been plotted in 
thl·s manner. 39 Th 1· · f e 1near port1on o the density vs. 
log time plot is often associated with the intermediate 
stage of sintering. 
It is evident that the average densification rate 
at each sintering temperature decreases with increasing 
dopant level. Figures 15, 16, and 17 show rnicrostruc-
tures of doped (0.1 wt% CaO) ferrites with average grain 
sizes ranging from 3.6 microns to 24.1 microns and 
sintering density ranging from 80% to 96.5% of theoretical 
density. It is evident that there 1s no discontinuous 
grain growth over this densification range. All the 
doped samples considered here exhibited continuous 
grain growth but sintered density decreased with increase 
1n dopant level. In Figure 18 is shown a microstructure 
of a sample with 0.05 wt% CaO sintered to 98% of 
theoretical density by sintering at 1350oC. for 6 hours. 
In Figure 19 is shown a microstructure of a sample with 
1.0 wt% CaO sintered to 94% of theoretical density 
by sintering at 1350°C. for 6 hours. 
47 
Figure 12. The sintered density vs. log time 
for the doped samples sintered in 
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Figure 13. The sintered density vs. log time 
for the doped samples sintered in 




Figure 14. The sintered density vs. log time 
for the doped samples sintered in 
air at 1350°C. 
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Figure 15. Photomicrograph of ferrite doped with 
0.1 wt% CaO sintered at 1250°C. for 




Figure 16. Photomicrograph of ferrite doped with 
0.1 wt% CaO sintered at 1250°C. for 




Figure 17. Photomicrograph of ferrite doped with 
0.1 wt% CaO sintered at 1250°C. for 




Figur~ 18. Photomicrograph of ferrite doped with 
0.05 wt% CaO sintered in air at 1350°C. 
for six hours, 250X. 
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. ure 18. F1g 
Figure 19. Photomicrograph of ferrite doped with 
1.0 wt% CaO sintered in air at 1350°C. 





The exact effect of CaO on the densification of 
Zn Mn 
• 2 5 • 7 5 
Fe 
2 • 1 7 
0 4 • 0 is not completely known from the 
literature. It is 
work of Ikeda, et 
apparent from the phase equilibria 
45 
al, oo Zn Mn Fe 0 that CaO in the 
• 5 • 5 2 4 
range 0.05 to 1.0 wt% does not form a liquid with the 
ferrite under the sintering conditions in this study. It 
can be assumed that the same behavior would apply to the 
ferrite in this study. It is also apparent from the 
lattice parameter studies of Bando, et a1, 46 on Zn Mn 
• 5 • 5 
Fe 0 that the range of dopants (0.05 to 1.0 wt% CaO) in 
2 4 
this study are within the solid solubility range of CaO 
in the ferrite at temperatures above 1250°C. It can be 
assumed that CaO has approximately the same solubility in 
the composition in this study. Paulus 31 has studied the 
addition of small amounts (0.12 mole%) of CaO to Zn Mn -
• 5 • 5 
Fe 0 . 
2 4 
He found by autoradiography that Ca segregates on 
the grain boundaries if the sintered ferrite is cooled 
slowly from temperatures above 1250°C. to room temperature. 
By a solution chemistry technique Paulus determined that 
if the ferrite is quenched there is less segregation of 
Ca on the grain boundaries than if the ferrite is slowly 
cooled. This suggests that CaO in small amounts can 
segregate on the grain boundaries but it can also dissolve 
readily in the grains at sintering temperatures above 
Thus it would seem that CaO in those concentrations 
57 
does not control densification by a second phase mechanism 
at the grain boundaries. 
If the dopant modifies the defect structure of the 
ferrite, it may modify the diffusion coefficient of the 
rate limiting species for densification. If this is 
true, then the addition of CaO may modify the diffusion 
coefficient of oxygen which is assumed to be the rate 
controlling species in densification of manganese zinc 
f . . h 9 err1tes w1t excess Fe 0 2 3 • 
In order to determine how CaO modifies the diffusion 
coefficient of the rate controlling species the Coble-
Gupta model is applied to densification and grain growth 
data for the doped ferrites. The model is applied at 
approximately 95% of theoretical density where the grain 
size is approximately 20 microns. To calculate the 
apparent diffusion coefficients, D , small increments of v 
the porosity function (6f(P) = f(P 2 ) - f(P 1 )) were divided 
by the surface energy (y), vacancy volume (~), and time 
increments (6t = t - t ) , and multiplied by G3 (G = 
2 1 
average grain size), Boltzmann's Constant (k), and 
absolute temperature (T). Ten calculations were made at 
each temperature and dopant level and the values averaged 
to obtain an average Dv. For this calculation the 
surface energy was taken as 1000 ergs/cm 2 • Theoretical 
47 density was taken as 5.08 gm/cc. The dopant was 
considered to change the lattice parameter of the ferrite 
1 . 46 so 1ttle that the same theoretical density was used 
for each dopant level. The vacancy volume was taken as 
2.4 x 10- 23 cm 3 since the actual vacancy volume for 
Zn Mn Fe 0 is unknown and this value is 
•25 ·75 2•17 '+•0 
typical of the values used elsewhere in applying the 
. . d 36 s1nter1ng mo el. 
Application of the sintering model, assuming oxygen 
diffusion to control densification rate, to the densifi-
cation and grain growth data at approximately 20 micron 
grain size results in the following diffusion coeffi-
cients for the different dopant levels. 
11.64 (-86.5 ± 4.5 Kcal) D = exp RT • 0 5 
10.5 (- 89. 8 ± 5. 2 Kcal) D = exp RT • 0 7 5 
(-92.0 ± 6.1 Kcal) D 9.5 exp RT 0 • 1 
(-93.0 ± 6.5 Kcal) 
D = 5.23 exp RT 0 • 2 
58 
c93. s ± 7.1 Kcal) ( 17) D = 1. 24 exp RT 1 • 0 
These diffusion coefficients are also plotted in Figure 
20. The diffusion coefficients for the dopant levels 
fit within 90% represent a linear least squares 
1/T 1 t The correla-confidence limits of log Dv vs. P 0 · 
Of the le ast squares lines are .970, tion coefficients 
.975, .978, and .982 respectively for the diffusion • 9 80' 
Figure 20. Log diffusion coefficient vs. reciprocal 
absolute temperature for ferrite sintered 
in air with five different dopant levels. 
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coefficients of the ferrite with 0.05, 0.075, 0.1, 0.2, 
and l.U wt% CaO. 
It is evident that over the dopant range of 0.05 
to 1.0 wt% CaO that the activation energy for diffusion 
is the same within experimental error. This implies 
that one diffusion mechanism controls densification 
over the range of dopant levels. The pre-exponential 
values of the diffusion coefficients decrease slightly 
with increase in dopant level. This implies that if 
the rate controlling diffusion is determined by vacancy 
concentration, then the concentration of vancancies 
decreases with increase in dopant level. 
The diffusion coefficients for Zn, Mn, and Fe in 
sintered Zn Mn Fe 0 meas ured directly by tracer 
.s .s 2 If 
34 diffusion by Ogawa and Nakagawa are: 
- 4 (-34.59 ± 1.2 Kcal) 
= 4.1 x 10 x exp RT 
_ 4 ( -33 . 40 ± 1.2 Kcal) 6.5 x 10 x exp RT 
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4 -34.20 ± 1.2 Kcal) 
= .82 x 10- x exp( RT ( 18) 
It is evident that the apparent diffusion coeffi -
cients from this sintering data are much smaller 
than the directly measured ones for Zn, Mn, and Fe. 
· that the d1"ffusion coef fi-This supports the v1ew 
from the Sl.ntering data in this cients calculated 
study represent those for oxygen and that oxygen ion 
diffusion is rate controlling 1n densif i cation in 
this study. 
The exact mechanism in which the CaO dopant acts on 
61 
the densification of Zn Mn Fe 0 has not been 
.25 .75 2.17 '+.0 
determined. A likely possibility is that, upon dissolu -
tion of CaO in the ferrite, the Ca 2 + ions take octahedral 
. f . 3 + s1tes orc1ng Fe ions into tetrahedral sites thereby 
increasing the number of cation(iron) vacancies on 
octahedral sites and decreasing the number of anion 
(oxygen) vacancies. If it is assumed that oxygen ion 
diffusion is the rate controlling mechanism in dens i f i -
cation, then the addition of the CaO would reduce the 
diffusion rate of oxygen and reduce the densification 
rate. 
The ferrite in this study - Zn Mn Fe 0 -
• 2 5 • 7 5 2 • I 7 '+ • 0 
at sintering temperatures above 1100°C. can be considered 
as Zn Mn Fe 0 with 0.057 Fe 0 dissolved in it 
.25 .75 2 '+ 3 '+ 
f · ·b · work of Blank. 48 Th Z rom the phase equ1l1 r1a e n • 2 5 
Mn Fe 0 can be considered the solvent and Fe 3 0'+ the 
• 7 5 2 '+ 
solute. Reijnen 9 and Stuijts 49 have shown that in 
spinel ferrites the densification rate under given 
sintering conditions falls off rapidly when small 
amounts of excess Fe 0 are added to the ferrite. 
2 3 
Thus 
the equilibrium of the Fe 3 0'+ solute in the Zn_ 25 Mn_ 75 -
Fe 0 solvent can be considered the most important 
2 '+ 
factor in densification. 
It is known from the work of Verwey 50 and KleppaSl 
that Fe 3 0 4 is an inverse spinel with the Fe 2 + ions 
taking octahedral (B) sites, 1/2 the Fe 3 + ions taking 
tetrahedral (A) sites, and 1/2 the Fe 3 + ions taking 
t h d 1 (B) . t . . 3 + 3 + 2 + oc a e ra Sl es g1v1ng Fe A FeB FeB 0 4 • It is 
known from the work of VerweySO that the Fe 2 + ion has 
the strongest preference for octahedral sites and Fe 3 + 
ions have a greater preference for tetrahedral sites 
due to ionic size and charge considerations. 
If it is assumed as in the work of Reijnen 52 that 
Schottky defects are the most prominent in the ferrite, 
then the following equilibrium can be assumed to hold : 
1/2 Pel+ + 1/2 Fe~+ + 3/8 V0 + 1/2 0 2 - ~ Fe~+ + 1/4 0 2 
with the equilibrium constant: 
62 
K ( 19 ) 
31 . 54 
From the autoradiography work of Paulus and Ak ashl 
it is known that Ca 2 + has a preference for grain bound-
aries. This is assumed to be due to the large size o f 
2+ h . d d t the ca compared to that of the ot er cat1ons an ue o 
the relatively low density of the grain boundary ( G.B . ) 
compared to that of the bulk. But it is also known from 
the solution chemistry work of Paulus 31 that above 1250oc. 
that substantial amounts of Ca 2 + dissolves into the bulk 
of the grains. Since the octahedral site is known to 
be the largest cat1"on ·t · Sl e, lt can be assumed that the 
c 2+ . . 
a lon Wlll have a preference for octahedral sites. 
Another equilibrium can be written: 
Ca 2+ + F 3+ ~ 3+ + e Fe + Ca2 
oct tet + oct G.B. (20) 
Thus Ca 2 + takes octahedral sites displacing Fe 3+ from the 
octahedral sites to the tetrahedral sites. Another 
reaction can be written: 
1/6 0 2 + x CaO + Fe 0 ~ 3 ~ + 
! (Fe 3+ ) (Fe 2+ Fe 3+ C 2+) 0 ( l+x tet 1-x ax oct ~+(~/3)X 21) 
Since the sintering is performed in air, extra oxygen 
(1/6 0 2) is available. 
The reactions and equilibria above fulfill the 
requirements of Schottky equilibria: 
1) electroneutrality is maintained over the 
total reaction 
2) the cation to anion ratio remains 3/4 
3) the numbers of atoms and ions of the element s 
involved remain constant 
Considering the equilibrium constant K, it can be 
observed that as the concentration of Fe 3+ cations on 
the octahedral sites is decreased and their concentrationon 
tetrahedral sites is increased by the dissolution of Ca 2+ 
63 
in the ferrite so that the value of the product 
c 1/23+ c 1/2 (Fe + x)A (Fe 3 + - x)B (22) 
decreases compared to the product 
1/2 1/2 C Fe3+ C Fe3+ 
A B (23) 
for all values of x greater than zero. Thus the concentra-
tion of the cation vacancies c0 is increased. Since 
Schottky equilibrium bet~een anion(oxygen) and cation(iron) 
vacancies is assumed to hold, the equilibrium constant 
K = c 0 C0 shows that the concentration of anion(oxygen) 
vacancies - C - will be decreased. 
0 
The densification rate can be assumed to be 
proportional to the self diffusion coefficient of oxygen 
which is equal to: 
D = n D N vac 
53 
where n = vacancy concentration of oxygen 
N = concentration of oxygen ions 
Dvac = vacancy diffusion coefficient 
-------" Thus caz+ dissolved into the lattice will increase the 
cation vacancy concentration and decrease the anion 
vacancy concentration and assuming oxygen diffusion 




densification rate in agreement with the results 
in this thesis. 
2. Grain Growth 
The isothermal log average grain size dependence 
on log time plots for the doped samples are shown in 
Figures 21, 22, and 23. Log average grain size is 
plotted against log time to indicate the mechanism of 
grain growth. A slope of 1/2 would indicate that the 
grain growth is like that of pure materials. 32 A lesser 
slope could indicate impurity controlled grain growth. 
It is evident that the average grain growth rate 
decreases with increase in dopant level. Also, the 
time dependence of grain growth in the doped samples is 
much different than that obtained for the undoped ferrite 
sintered in air. With normal grain growth in the undoped 
ferrite the average grain size is approximately 
proportional to (time) 113 whereas the average grain size 
is approximately proportional to (time) 1 / 7 for the doped 
samples in air at 1350°C. Using a linear least squares 
fit of the grain growth data, the exponential time 
dependence of grain size is .14, . 16' . 16' . 15, and 
.15, respectively for CaO dopant levels of 0.05, 0.075, 
0.1, 0.2, and 1.0 wt% at 1350°C. 
The reason for the decrease in average grain growth rate 
with increase in dopant level is not well understood. 
Low grain growth rates are often associated with 
Figure 21. The log average grain size vs. 
log time for the doped ferrites 
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Figure 22. The log average grain size vs. 
log time for the doped ferrites 
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impurities which segregate to the grain boundaries. 
H"l 55 l lert following th 1 
e ana ysis of Lifshitz and 
Sleazor determined that a tl/3 tl·me dependence of 
grain growth could be had b Y considering inclusions 
to act on the grain boundaries. 
It was shown earlier in this study by sintering 
the undoped ferrite in air that grain size is 
proportional to t 113 and th t a pores appear to act 
as inclusions reducing the grain growth rate. 
When CaO dopant segregates at the grain boundary 
reducing the grain growth rate, it would be expected 
that the segregation would increase the activation 
energy for grain growth. 
If the CaO dopant reduces the grain growth 
rate by decreasing the Vacancy concentration of the 
rate controlling species then the activation energy 
for grain growth would remain constant with increase 
in dopant level. 
To determine the effect CaO has on grain growth 
it is necessary to apply the gr a in growth model to 
the data. The t emperature d e p endence of grain growth 
was determined by noting the time required to reach 
15 mi c ron gra in size at the different temperatures 
and dop ant leve l s . Re ciprocal ab s olute t empe rature 
is plotted against the log of reciprocal time in 
69 
Figure 24. A linear least squares fit of the data 
results in activation energl·es (l·n K 1 ca per mole) 
for grain growth of 52.5 ± 5.0, 53.7 ± 6 1 87 
. ' . 5 ± 
4.5, 117.7 ± 5.2, and 135.5 ± 4.0 with correlation 
coefficients of .979, .970, .985, .980, and .970 
(at the 90% confidence level) respectively for the 
dopant levels of 0.05, 0.075, 0.1, 0.2, and 1.0 
wt% CaO. 
There is a significant difference between the 
activation energies of grain growth for the samples 
at the different dopant levels. The activation 
energy increases with increasing dopant level. 
This implies that grain growth is controlled by Ca 
segregation at the grain boundaries. 
31 




Fe 0 indicates that CaO tends to segregate 
2 '+ 
at the grain boundaries. It is known from the 
46 lattice parameter work of Banda, et al on Zn 
• 5 
Mn Fe 2 0 4 that CaO is soluble in the ferrite up 
• 5 
to 12.2 mole% at 1280°C. It can be assumed that 
that CaO behaves in the same way in the ferrite in 
this study, and that the effect of CaO solute on the 
grain growth rate and on the activation energy of 
grain growth is one of solute segregation similar 
to that described by Jorgensen for MgO solute in 
Al 0 24 2 3 • 
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Figure 24. The temperature dependence of grain 
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Thus, the grain growth rate can be assumed to be 
controlled by solute segregation of CaO at the grain 
boundaries. The do t t pan ac s to control grain growth by 
reducing the grain boundary mobility by increasing the 
activation energy for grain growth. From the effect of 
CaO on densification in this study, it is apparent that 
CaO affects the defect structure, apparently reducing the 
concentration of vacancies of the rate controlling ionic 
species - assumed to be oxygen. Thus, CaO dopant operates 
in two separate mechanism on the sintering of the ferrite. 
Although CaO apparently affects sintering in two 
different ways: (1) modification of defect structure, 
and (2) solute segregation, the two effects cannot be 
precisely separated. Grain growth control by solute 
segregation alone can provide for densification to high 
densities. Modification of the defect structure alone 
may provide for grain growth control increasing the 
intergranular porosity and thereby reducing the mobility 
of the grain boundaries. Thus, both effects may affect 
grain growth and densification. 
Throughout this study , it was assumed that the 
composition of the ferrite was constant. However, it 
56 . 
has been reported by Brownlow that manganese z1nc 
ferri te s exhibit preferential loss of zinc cations 
during calcining and sintering . Although z inc content 
72 
in the ferrite was not measured in this study, there 
may have been some zinc loss. 
If there was zinc loss it can be expected that 
the loss (in small amounts) would have the effect of 
increasing the iron cation vacancy concentration by 
making the ferrite deficient in cations on tetrahedral 
sites. These sites would then by preferentially filled 
by Fe 3 + ions. 
Thus, the loss of zinc would have the same 
effect as CaO additions on the defect structure 
and densification of the ferrite. 
C. Magnetic Measurements 
Saturation induction, B , and coercive force, H , max c 
are shown plotted in Figures 25 and 26 respectively 
against grain size and bulk density. The parameters 
As, lm' N , N , H , B , green density, grain size 
s p c max 
fired density are given in Table I. A maximum magnetic 
induction of 5400 gauss was reached at a bulk density 
of 98% of theoretical density. The lowest coercive 
force of 0.3 oersteds was obtained at a bulk density 
of 98% of theoretical density. B increased with max 
increase in bulk density and grain size. He 





DATA ON TOROIDS USED IN MAGNETIC MEASUREMENTS 
Green Grain Fired 
A 1 N N H B Density Size Density 
s m s p c max 
.1550cm2 8.06cm 600 620 .3100e 5400gauss 2.70g/cc 2 2. 5 f.JTil 4.95g/cc 
.1197 8.07 600 600 .333 5060 2.65 23.0 4.96 
. 1373 8.07 600 600 .340 3100 2 . 62 23.1 4.95 
.1378 8.10 600 600 .574 4760 2.60 18.5 4.90 
.1453 8.10 600 600 .450 4500 2.6 2 18.3 4.89 
.1425 8.10 600 600 .510 3200 2. 65 18.1 4.90 
.1 257 8.11 600 600 .550 3600 2.68 17. 8 4. 85 
.993 8.12 610 625 .457 3060 2.60 17.5 4 . 84 
.1418 8.11 600 630 . 467 2670 2.71 17. 2 4.85 
.1404 8.13 600 62 5 .516 2610 2.65 16.3 4.80 
.1 271 8.11 605 600 .519 2860 2.75 16. 8 4.80 
.0900 8.11 650 620 .489 249 0 2.72 16.0 4 . 79 
75 
TABLE I (Continued) 
Green Grain Fired 
A 1 N N H B Density Size Density 
s m s p c max 
.1321 8.12 610 600 .526 2480 2.66· 15.2 4.76 
.1717 8.13 600 600 .518 2590 2.71 15.4 4.75 
.1520 8.15 600 630 .578 1965 2.73 15.6 4.74 
.1281 8.18 620 625 .711 2180 2.63 14. 2 4.70 
.1361 8.19 600 620 .656 2320 2. 58 14.0 4. 71 
.1301 8.17 600 600 .600 2010 2. 55 13.9 4. 70 
. 1966 8.20 625 620 1. 230 1695 2 . 65 12.1 4.65 
.1605 8. 20 600 600 .977 2110 2.70 12.3 4.65 
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Figure 25. The saturation induction, B , vs. 
max 
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Figure 26. The coercive force, H , vs. 
c 
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However, there is a great deal of scatter in the 
data for magnetic induction as a function of bulk 
density. The reason for the scatter is unknown but may 
be attributed to the quenching technique used to obtain 
the samples . The quenching caused a great number of 
toroids to crack. Samples chosen for this study had no 
visually apparent cracks but some may have had minor 
cracks. The effect of a crack is to provide as air gap 
to the ferrite, which in a magnetic field will reduce 
the magnetic induction in the following way. 
The flux in the toroid will be distributed over a 
smaller area (As - Ag) where As is the cross-sectional 
area of the toroid and A is the cross-sectional area of g 
the crack. Thus, the flux will be: 
assuming crack thickness is such that flux lines do not 
cross the air gap. Since the voltage across the 
capacitor in the test circuit is 
N X - A )xB 
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(As 
E s g X 10 8 = (25 ) 
c Rs c 
the actual induction is not measured but rather 
As - A 





Although there is considerable scatter in the 
data for Bmax it appears that the · max1mum magnetic 
induction for the spinel ferrites has been approached 
in this study. The scatter in the data for B 
max 
suggests that a further study should include deter-
mination of the proper cooling regime from sintering 
temperature to room temperature. 
The effects of grain size and density on B and 
max 
H have not been separated. c Grain size increases as 
densification occurs. Porosity can affect magnetic 
induction by a dilution effect, that is, by reducing the 
amount of material that can support magnetic flux. 
Porosity can also increase coercive force by causing 
irreversible domain rotation as explained by Craik and 
Tebble. 57 Grain boundaries also provide resistance to 
domain rotation - increasing the coercive force according 
58 to Bongers, et al. In order to determine more exact 
effects of density and grain size on B and H , another max c 
study needs to be done on ferrites which have been 
sintered to high density and in which the grain size has 
been changed at constant density. 
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V. CONCLUSIONS 




2 • 1 7 0 -limited the sintered density to 4 • 0 
less than 95% of theoretical. 
The enhancement of sintered density in the undoped 
ferrite in low oxygen partial pressure (P0 = 10- 3 atm.), 
2 
at a sintering temperature of 1350°C., compared to that 
in air (P0 = .2 atm.) is in qualitative agreement with 
2 
theory that predicts the oxygen diffusion controls 
densification. Sintering in air results in intergranular 
porosity which reduces the grain growth rate compared 
to that in low oxygen partial pressures (P 0 = 10- 3 atm.) 
2 
in which there is no intergranular porosity. The pores 
apparently act as inclusions reducing the grain growth 
rate. 
Grain growth of the ferrite can be controlled by 
the addition of CaO dopant in the range .OS wt% to 1. 0 
wt %. With 0.05 wt% CaO the ferrite can be sintered to 
98% of theoretical density in six hours at 1350°C. 
Higher dopant levels r esult in lower sin tered density 
under the same conditions. It appears that dissolved 
CaO i n the ferrite affects the densification rate by 
affecting the defect structure o f the ferrite. 
ions displace Fe 3 + ions from octahedral sites to 
81 
tetrahedral sites, increasing the iron vacancy concen-
tration and decreasing the oxygen vacancy concentration 
thereby reducing the average densification rate. 
Grain growth rate decreases with increase in CaO 
dopant level. The activation energy for grain growth 
increases with increase in dopant level reducing the 
grain boundary mobility. It appears that CaO dopant 
retards the grain growth of the ferrite by a solute 
segregation mechanism. 
Magnetic induction of the ferrite increased with 
increasing sintered density and with increasing grain 
size reaching a maximum of 5400 gauss at 98% of theore-
tical density. Coercive force decreased with increasing 
sintered density and with increasing grain size reaching 
a minimum of 0.3 oersteds at 98% of theoretical density. 
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loss on ignition 
Cl 
Sulfate and sul f ite (as SO ) 
4 
0.080 wt% 
0.043 
0.012 
0.002 
0.001 
0.003 
0.50 
0.012 
0.054 
